Exposure to heavy-ion radiation is considered a potential health risk in long-term space travel. In the central nervous system (CNS), loss of critical cellular components may lead to performance decrements that could ultimately compromise mission goals and long-term quality of life. Hippocampal-dependent cognitive impairments occur after exposure to ionizing radiation, and while the pathogenesis of this effect is not yet clear, it may involve the production of newly born neurons (neurogenesis) in the hippocampal dentate gyrus. We irradiated mice with 0.5-4 Gy of 56 Fe ions and 2 months later quantified neurogenesis and numbers of activated microglia as a measure of neuroinflammation in the dentate gyrus. Results showed that there were few changes after 0.5 Gy, but that there was a dose-related decrease in hippocampal neurogenesis and a dose-related increase in numbers of newly born activated microglia from 0.5-4.0 Gy. While those findings were similar to what was reported after X irradiation, there were also some differences, particularly in the response of newly born glia. Overall, this study showed that hippocampal neurogenesis was sensitive to relatively low doses of 56 Fe particles, and that those effects were associated with neuroinflammation. Whether these changes will result in functional impairments or if/how they can be managed are topics for further investigation. ᭧
INTRODUCTION
Exposure to heavy-ion radiation is considered a potential health risk in long-term space travel. A unique feature of the space radiation environment is the presence of highenergy charged particles (e.g. 56 Fe), which could constitute a significant hazard to space flight crews who may be un-avoidably exposed in the course of in-flight activities. It has been estimated that during a 3-year deep space exploration, the risk of a traversal of a cell nucleus by charged heavy particles would be 0.6 and 0.03 for carbon and iron ions, respectively (1) . Given the high linear energy transfer (LET) of these energetic particles, the probability of survival of affected cells would be fairly small. Loss of critical cellular components in a highly organized structure like the central nervous system (CNS) may lead to performance decrements that ultimately could compromise mission goals and/or long-term quality of life. One of the possible debilitating effects of such exposure could be a cognitive decline similar to that seen in some patients exposed to low-LET radiation during cancer treatment. Such cognitive changes include deficits in hippocampal-dependent functions (2-7), and in fact, experimental data exist suggesting that 56 Feparticle radiation induces significant deficits in spatial learning and memory (8, 9) as well as other behavioral end points (10, 11) in animals.
The underlying pathogenesis of radiation-induced cognitive impairments is not well understood, but recent studies suggest that a number of factors may be involved, including alterations in hippocampal neurogenesis (12) (13) (14) (15) (16) (17) , apolipoprotein E (18) and glutamate receptor composition (19) . A number of studies have addressed the acute response of neurogenic cells in the subgranular zone (SGZ) of the hippocampal dentate gyrus after exposure to low-LET radiation; they showed that proliferating SGZ precursor cells and their progeny, immature neurons, undergo apoptosis shortly after irradiation (20) (21) (22) (23) (24) . Furthermore, reductions in the generation of new neurons (i.e. neurogenesis) are observed months after exposure (20, 25, 26) and appear to be persistent (15) . These effects on neurogenesis are associated with hippocampal-dependent cognitive impairments (12-17, 27, 28) .
Considerable data exist showing that X radiation induces microenvironmental changes (e.g. inflammation, oxidative stress) in and around the dentate SGZ and that such changes are associated with altered neurogenesis (15, 20, 25, 26, 
29).
There are also recent data showing that after irradiation with 1-3 Gy of 56 Fe ions, proliferating neural precursor cells and immature neurons exhibit dose-dependent reductions in cell numbers (30, 31) and that such changes may involve indications of neuroinflammation (30, 31) . While these latter data give some important insight into the impact of high-LET radiation on cell numbers in neurogenic sites, they do not specifically address the ability of surviving cells to differentiate and express markers of mature cell phenotypes. The present investigation was designed to assess the survival and phenotypic fate of newly born cells in the dentate SGZ and to determine if such findings were associated with changes in numbers of activated microglia, a marker of neuroinflammation.
MATERIALS AND METHODS

Animals
Twenty-seven male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME), 2 months old, were used in these experiments. Mice were housed and cared for in compliance with the U.S. Department of Health and Human Services Guide for the Care and Use of Laboratory Animals and institutional IACUCs. Animals were shipped to Brookhaven National Laboratory and allowed to acclimatize for 3-5 days prior to irradiation. After irradiation, the animals were returned to the BNL animal facility and housed for 1-2 days prior to shipment to Loma Linda University by courier. All animals were perfused 2 months after irradiation (see below).
Irradiation
Up to four mice were exposed simultaneously to brain-only radiation using a collimated beam of 600 MeV/nucleon 56 Fe particles produced by the AGS Booster Accelerator at Brookhaven National Laboratory (BNL) and transferred to the experimental beam line in the NASA Space Radiation Laboratory (NSRL) facility. The delivered beam was restricted to 1-cm-diameter circular apertures that covered the brain areas of the mice. The collimator design was modeled and fabricated by Inland Technical Services (San Bernardino, CA), and the modeling calculations were done using a modified version of BRYNTRN (32) . The collimator consisted of a 10-g/cm 2 (8.40-cm) layer of polymethylmethacrylate, followed by a 20-g/cm 2 (7.41-cm) layer of aluminum, and finally an 8.5 g/cm 2 (8.95 cm) layer of high-density polyethylene. The upstream acrylic layer slowed down the primary ions with low-Z material to minimize fragmentation, followed by the aluminum layer that attenuated the primary particles. The polyethylene layer attenuated low-Z fragments (e.g. protons, neutrons and ␣ particles) produced upstream. The four 1-cm-diameter holes penetrated the material stack. For calibration, an NIST-traceable 1-cm 3 Far West thimble chamber with an air-filled bulb and tissueequivalent walls was placed at the target position behind the collimator apertures. Dose delivery and beam cut-off were controlled by three parallel-plate ion chambers positioned along the beam line upstream and downstream of the target plane and referenced to the calibration chamber. The 56 Fe 26ϩ ion beam was extracted at 600 MeV/nucleon, and had an energy at the target surface of 585.1 MeV/nucleon, a residual range of 12.3 cm in water, and an LET of 175.2 keV/m. The beam was delivered as twenty 300-ms pulses per minute for an average dose rate of ϳ5 Gy/ min. Delivered doses were Ϯ0.5% of the requested value. The reference number for the NASA-sponsored experimental campaign was NSRL-7. A description of dose composition and fragmentation behind various target materials for similar iron ion beams (1087 MeV/nucleon and 555 MeV/nucleon) produced at the BNL AGS accelerator is given by Zeitlin et al. (33) , and a full description of the NSRL facility can be found at www.bnl.gov/medical/NASA/NSRLdescription.asp.
Mice were anesthetized with 4% isoflurane and placed in custom bitebar cradles to stabilize the head position. The cradles were then placed in a clear acrylic anesthesia box prealigned with the collimator and the beam line. Sedation was maintained with 2.5% isoflurane administered throughout the irradiation procedure. A single fraction of 0.5, 1, 2 or 4 Gy was delivered to the brain of each animal. For the entire irradiation procedure, animals were under isoflurane anesthesia for an average of 10 min. Nonirradiated control mice were treated identically without being exposed to radiation.
Neurogenesis
To determine the effects of radiation on the survival and fate of newly born cells in the dentate SGZ, groups (n ϭ 5-6) of mice received a single i.p. injection (50 mg/kg) of 5-bromo-2Јdeoxyuridine (BrdU, Sigma, St. Louis, MO) daily for 7 days starting 30 days after irradiation. Three weeks after the last BrdU injection, mice were anesthetized with i.p. Nembutal (100 mg/kg; Ovation Pharmaceuticals, Deerfield, IL) and perfused with ice-cold saline followed by freshly prepared, ice-cold 4% paraformaldehyde. The brain was removed, processed, and sectioned using a sliding microtome (20) . Fifty-micrometer-thick sections were stored at 4ЊC in cryoprotectant solution until needed. Free-floating sections were immunostained as described (15, 20) using the following primary antibodies and working concentrations: rat anti-BrdU (1:10; Oxford Biotechnology, Kidlington, Oxford, UK); mouse anti-NeuN (1:200; Chemicon, Temecula, CA); rabbit anti-NG2 (1:200; Chemicon); goat anti-GFAP (1:100, Santa Cruz Biotechnology, Santa Cruz, CA); rat anti-CD68 (1:20; Serotec, Inc. Raleigh, NC). Nuclei were counterstained with DAPI (Molecular Probes, Eugene, OR).
To calculate the numbers of BrdU-positive (BrdU ϩ ) cells in the dentate gyrus, at least 12 sections of a one-in-six series were scored per animal (26) . All counts were limited to the dentate granule cell layer and a 50-m border along the hilar margin that included the dentate SGZ. Total numbers were obtained by multiplying the measured value by 6. BrdU ϩ cells displaying the various lineage-specific phenotypes were counted in representative sections from each animal using confocal microscopy. When possible, ϳ100 BrdU-positive cells that co-expressed each lineagespecific phenotype were scored for each marker per animal. For each phenotype, the percentage of BrdU ϩ cells expressing that marker within the section was determined. Total numbers of lineage-specific BrdU ϩ cells were then calculated by multiplying this percentage by the total number of BrdU ϩ cells in the dentate gyrus. Confocal microscopy was performed using a Nikon C-1 confocal microscope (Melville, NY), using techniques described previously (15, 20, 26) . Appropriate gain and black-level settings were obtained on control tissues stained with secondary antibodies alone. Upper and lower thresholds were always set using a range indicator function to minimize data loss due to saturation. Each cell was examined manually in its full ''z'' dimension with use of split panel analysis, and only those cells for which the BrdU ϩ nucleus was unambiguously associated with the lineage-specific marker were scored as positive.
Total Activated Microglia
The impact of 56 Fe-particle radiation on total numbers of activated microglia in the SGZ was determined using free-floating brain sections from groups of mice (n ϭ 5-6). After three washes with Tris-buffered saline (TBS) and quenching of endogenous peroxidase activity in TBS with 3% H 2 O 2 for 15 min, sections were incubated in TSA blocking buffer (PerkinElmer Life Sciences, Emeryville, CA) for 30 min, followed by application of the polyclonal rabbit anti-CD68 antibody (1:20; Serotec, Inc.). After 12 h at 4ЊC, sections were incubated for 1 h at room temperature with a secondary anti-rabbit biotinylated antibody (Vector, Burlingame, CA), followed by incubation with an AvidinϩBiotin amplification system (Vector) for 45 min. Cell staining was visualized using the TSA fluorescence system CY3 (PerkinElmer Life Sciences); nuclear counterstaining was with Sytox-Green (Molecular Probes). No staining was detected in the absence of the primary or secondary antibodies.
ROLA ET AL.
Total numbers of activated microglia were counted in each of four coronal sections of the dentate gyrus and hilar regions at the level of the dorsal hippocampus. Images were collected as described previously (34) , and mosaics were reconstructed with a Zeiss AxioImager Apotome microscope using a 20ϫ objective; parameters were kept constant across sections. Regions of interest containing the dentate gyrus and hilus were selected using AxioImager imaging software (Zeiss), and the numbers of positive cells were counted within the selected area. To avoid classification errors, we carefully verified that the staining belonged to the cell of interest and not to a dendrite or the cell body of an adjacent cell. The final numbers of activated microglia were expressed as numbers of cells per mm 2 .
Statistics
For each histology end point, values for all animals in a given treatment group were averaged and the SEM (standard error of mean) was calculated. A t test was then used to compare each radiation treatment to unirradiated controls. Because variability tended to be somewhat higher with larger values, i.e. cell counts, and because a parametric test requires equal variability across treatment groups, we used a log transform of the data to stabilize variability. In the rare case where there were cell values of zero (e.g. NG2), a numerical value of 1 was used. The overall statistical significance level was set at P ϭ 0.05, and adjustment for multiple comparisons was made using the Hochberg procedure (35) . With this procedure, if only a subset of the comparisons have P Ͻ 0.05, a lower P value is required to declare statistical significance to prevent declaring statistical significance by chance. For example, if there were three comparisons, and one had P Ͼ 0.05, then the other two are required to have P Ͻ 0.025 to be declared statistically significant. The P values in the text represent the nominal values before the adjustment for multiple comparisons.
RESULTS
The radiation treatments and BrdU injection procedures were well tolerated by all animals; no mouse was lost over the 2-month follow-up period.
BrdU ϩ cells observed 3 weeks after the last BrdU injection represent the long-term survival of newly born cells in the dentate SGZ. In unirradiated controls, the total number of BrdU ϩ cells in the dentate gyrus averaged 5,393 Ϯ 526. There appeared to be a dose-related decrease in cell number from 0-2 Gy and a relative increase after 4 Gy (Fig. 1A) , but none of the changes were statistically significant.
The fate of newly born cells was determined by quantifying cells that were co-labeled with BrdU and cell-specific antibodies: NeuN for neurons, GFAP for astrocytes, NG2 for oligodendrocyte precursors, CD68 for activated microglia. There was an average of 3,381 Ϯ 257 newly born neurons (BrdU ϩ /NeuN ϩ ) in unirradiated controls and a small but nonsignificant (P ϭ 0.28) increase after 0.5 Gy (Fig. 1B) . In contrast, there were significant decreases in numbers of newly born neurons after 1 (P Ͻ 0.03), 2 (P Ͻ 0.002) and 4 Gy (P Ͻ 0.001) (Fig. 1B) . With respect to newly born astrocytes (BrdU ϩ /GFAP ϩ ), there was an average of 419 Ϯ 80 cells in unirradiated animals. Relative to controls, newly born astrocytes were reduced by about 50% after 0.5 Gy (P ϭ 0.031) and by about 70% after 1 Gy (P Ͻ 0.01); after 2 and 4 Gy, the numbers of newly born astrocytes increased (Fig. 1C) . While the decreases in numbers of newly born astrocytes appeared substantial, after adjusting for multiple comparisons only the value at 1 Gy constituted statistical significance. The numbers of oligodendrocyte precursors (BrdU ϩ /NG2 ϩ ) averaged 241 Ϯ 40 in controls, and there was no change after 0.5 Gy (Fig.  1D) . Relative to controls, there were significant differences in numbers of newly born oligodendrocytes after 1, 2 and 4 Gy (all P Ͻ 0.001, Fig. 1D ). Newly born activated microglia (BrdU ϩ /CD68 ϩ ) averaged 273 Ϯ 71 in controls and 249 Ϯ 33 after 0.5 Gy (P ϭ 0.97). After irradiation with 1, 2 or 4 Gy, there were highly significant increases (P Ͻ 0.001), with an almost 17-fold increase after 4 Gy (Fig. 2) .
Numbers of total activated microglia (CD68 only) were detected throughout the dentate gyrus of all mice and averaged 85.7 Ϯ 14.1 cells/mm 2 in controls (Fig. 3 ). There were minor but nonsignificant increases in total numbers of activated microglia after 0.5, 1 and 4 Gy. There was a much more substantial increase after 2 Gy (Fig. 3) , but given the limitations associated with multiple comparison analyses, this increase was not statistically significant.
DISCUSSION
Neurogenesis describes a series of developmental steps that progress from the division of a stem/precursor cell to the development of a mature cell (36) . This process can be quantified by giving repeated administrations of the thymidine analog BrdU and 3-4 weeks later counting newly born BrdU ϩ cells in the dentate SGZ that express mature cell markers. In this study, 1 month after irradiation, BrdU was given for 7 consecutive days and tissues were collected 3 weeks later. The immunohistochemistry/confocal analyses used here facilitated the assessment of survival and phenotypic fate of newly born SGZ cells. Using this approach, we saw a general trend toward decreasing numbers of newly born cells in the SGZ after 0.5-2.0 Gy, but even at the lowest point (i.e. 2 Gy) the total loss amounted to only about 35% (Fig. 1A) . The importance of this finding is difficult to assess given that there are actually increased numbers of BrdU ϩ activated microglia and astrocytes, particularly after the higher doses used here (Fig. 2) . What is likely to be more relevant is the phenotypic characterization of newly born cells and their response after irradiation. The cells most sensitive to 56 Fe-particle radiation were newly generated neurons and oligodendrocyte precursors, both of which showed significant dose-related decreases after doses higher than 0.5 Gy (Fig. 1) . While the neuronal response was qualitatively similar to what was seen after X irradiation (20) , i.e. a decrease with dose, the oligodendrocyte precursor response was quite different. After exposure to X rays there is no apparent decrease in oligodendrocyte precursor cells with dose (20) , but in the present study there was a clear decrease with 56 Fe-particle dose with virtually no co-labeled cells after 4 Gy (Fig. 1D) . These precursor cells, which are labeled with an antibody against NG2 chondroitin sulfate proteoglycan, constitute a major dividing population throughout the mammalian CNS (37) . While 629 56 Fe-PARTICLE IRRADIATION AND NEUROGENESIS
FIG. 1.
The effects of 56 Fe-particle radiation on newly born cells in the dentate subgranular zone of mice. One month after irradiation mice received a single daily injection of 5-bromo-2Јdeoxyuridine (BrdU) for 7 consecutive days. Three weeks later, tissues were collected and immunohistochemistry and confocal microscopic analyses were done to quantify the numbers of cells co-labeled with BrdU and cell-specific antibodies. Cell numbers represented an estimate of the total number of positively labeled cells in the subgranular zone in both hemispheres. Values for irradiated mice were compared to those for nonirradiated controls. Panel A: Total numbers of BrdU-positive cells decreased slightly over the dose range of 0-2 Gy; the increase after 4 Gy largely represents newly born activated microglia (see Fig. 2 ). Panel B: Newly born neurons, which were labeled with an antibody against NeuN, showed significant decreases at all doses greater than 0.5 Gy. Panel C: Newly born astrocytes, labeled with an antibody against GFAP, showed substantial decreases after 0.5 and 1.0 Gy. The relative increases seen from 2-4 Gy likely represent a reactive gliosis but could also involve, in part, a regenerative response in GFAP-producing stem cells. Panel D: Newly born oligodendrocytes, which were labeled with an antibody against NG2, showed significant decreases after doses greater than 0.5 Gy. Each bar represents the mean for five or six mice; error bars are standard errors of the means. *P Ͻ 0.05 after adjustment for multiple comparisons.
the physiological role of NG2 ϩ cells remains to be determined, they have generally been considered committed to the oligodendrocyte lineage (37) , although that has been questioned (38) . Given the proliferative capacity of these cells, assessment of treatment effects with BrdU as used here can be complicated by dilution effects, which could lead to loss of some BrdU ϩ cells with time (38) . However, even if there is label dilution to some extent, there still are significant numbers of BrdU ϩ /NG2 ϩ cells in unirradiated controls 4 weeks after BrdU treatment, and 56 Fe-particle irradiation significantly alters that pattern (Fig. 1D) . Relative to what is seen after photon irradiation (20) , whether this latter observation represents an intrinsic sensitivity of young oligodendrocytes or some sort of aberrant differentiation after exposure to high-LET radiation is not clear. The astrocytic response seen after 56 Fe-particle irradiation was also different from that seen after low-LET irradiation, where, after X irradiation, there was little effect after doses of 2-10 Gy (15, 20) . In contrast, after 56 Fe-particle irradiation, there were significant decreases after 0.5 and 1.0 Gy (Fig. 1C) . The subsequent increases in the numbers of newly generated astrocytes may represent astrogliosis such as 630 ROLA ET AL.
FIG. 2.
The effects of 56 Fe-particle radiation on newly born activated microglia in the dentate subgranular zone of mice. One month after irradiation, mice received a single daily injection of 5-bromo-2Јdeoxyuri-dine (BrdU) for 7 consecutive days. Three weeks later, tissues were collected and immunohistochemistry and confocal microscopic analyses were done to quantify the numbers of cells co-labeled with BrdU and CD68. Cell numbers represented an estimate of the total number of positively labeled cells in the dentate subgranular zone in both hemispheres. Compared to nonirradiated controls, there were significant dose-related increases in the numbers of double-labeled cells at all doses greater than 0.5 Gy. Each bar represents the mean for five or six mice; error bars are standard errors of the means. *P Ͻ 0.05 after adjustment for multiple comparisons.
FIG. 3.
The effects of 56 Fe-particle radiation on total numbers of activated microglia in the dentate gyrus of mice. Cell numbers/unit area (mm 2 ) were determined from four representative coronal sections of the dentate gyrus at the level of the dorsal hippocampus. While there tended to be more activated microglia in all the irradiated groups, none of the changes were significant. Each bar represents the mean for five or six mice, and error bars are standard errors of the means. that seen after low-LET radiation (39), although we have no specific data here to confirm that. However, in a previous study of 56 Fe-particle radiation, we reported a diffuse astrogliosis in the dentate gyrus, particularly after a dose of 3 Gy (30) . On the other hand, given that the putative stem cell in the SGZ expresses GFAP (40, 41) and that astrocytes play an active role in regulating neurogenesis (42) , increasing numbers of GFAP-producing cells may represent, in part, increased stem cell activity and perhaps a regenerative response. Future studies are needed to address this idea and to determine whether there are any functional consequences of the apparent increase in newly born GFAP-producing cells.
While the appearance of neuroinflammation can be multifaceted, one of the principal elements is the activation of microglia, the resident inflammatory cells in the CNS. Activated microglia have generally been considered to be a hostile cell population whose presence can negatively affect cell survival (43) and neurogenesis (15, 20, 25, 29) . It has also been suggested, however, that activated microglia can play a protective role and that the protective and deleterious effects may change as a function of the type of activation (44), the environmental context within which the activated cells exist (45) , or their state of proliferation (46) . Additionally, microglia cross-talk with CNS-specific autoimmune T cells has functional consequences on specific processes like neurogenesis (47) . It is of particular interest that a recent study of radiation effects in mice deficient in extracellular superoxide dismutase suggests that in the presence of persistent oxidative stress, the activation of microglia may have a beneficial effect in terms of neurogenesis (26) .
In the present study, neuroinflammation was assessed by counting total activated microglia (CD68 ϩ only) and numbers of newly born activated microglia (BrdU ϩ /CD68 ϩ ). The latter were quantified using the same stereologic approach used for quantifying neurons and glia ( Fig. 1) (26) . That analysis showed a clear dose-related increase in newly born activated microglia that was qualitatively similar to what was seen after low-LET irradiation (20) . The overall increase in newly born activated microglia (Fig. 2) was associated with a general decrease in the production of newly born neurons (Fig. 1B) ; this also was similar to what was reported after X irradiation (15, 20, 48) , suggesting a common cellular response in the SGZ after exposure to different types of ionizing radiation. The potential importance of these findings is highlighted by a recent study showing that anti-inflammatory treatment restores neurogenesis after irradiation (29) . Whether such an approach could ultimately be useful in preventing or mitigating radiation-induced changes in neurogenesis and behavioral changes after high-LET radiation is a topic for further investigation.
Newly born activated microglia, as described above, constituted only a small fraction (ϳ1%) of the total population of activated microglia (data not shown). The larger numbers of total activated microglia in the brain after irradiation therefore necessitated a different quantitative approach, which has been recently described in detail (26) . Thus, while the absolute values shown in Fig. 3 are smaller than those in Fig. 2 , they are shown in the context of area and represent a much larger population of cells. The dose-response relationship for total activated microglia was different from that seen for newly born activated microglia, i.e., no major changes in total numbers of activated microglia as a function of dose, except perhaps after 2 Gy, and that value did not reach significance in the context of multiple comparisons. The apparent relative decrease from 2 to 4 Gy suggests that whatever is responsible for activating the cells may be inhibited or suppressed after a relatively high dose of 56 Fe particles; however, that contention is tentative. Our results on total and newly born activated microglia, along with the neurogenesis data shown in Figs. 1B and 2, suggest that proliferating or newly born activated microglia may be the most critical inflammatory cell within the context of neurogenesis. This idea agrees with data from a recent study using an ischemic brain injury model (46) , although the time course and end points of that study were quite different from those used here.
In conclusion, 56 Fe-particle radiation has significant effects on SGZ neurogenesis, but with the exception of newly born astrocytes, only at doses higher than 0.5 Gy. While this study represents only one time after irradiation, it appears that whole-brain doses of 0.5 Gy or less are tolerated, at least in the context of hippocampal neurogenesis. Whether that same finding will hold after whole-body exposures, or at lower dose rates, more likely scenarios in the space environment, remains to be determined. While many of the findings seen here are similar to what has been reported after low-LET radiation, there are some striking differences, most apparent in the response of glial cell populations. Whether this has functional consequences will need to be determined in future experiments. Finally, the reductions in new neuron production seem to be associated with neuroinflammation (newly born activated microglia). Whether neuroinflammation constitutes a target for protective or mitigating strategies for the radiation space environment remains to be seen.
